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ABSTRACT

A method for designing pneumatic systems for minimum response times,
which includes the use of a computer program, is described in detail. The
application of this method to modify the design of a five hole flow angularity
probe is discussed. The original and modified probes were both tested in the
laboratory for pneumatic response to step pressure increases at pressures from
1.0 to 2.6 mm Hg, absolute. Equipment, procedures, and results from the

laboratory experiments are described in detail.
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1.0 INTRODUCTION

When measuring low pressures on an aerodynamic model in hypersonic
flow, a problem that arises is that there is a lag time betweer
pressure change at an orifice on the model and the response ¢f the
transducer to that pressure change. When the wind tunnel is a
hypersonic, high temperature, intermittant biow down type, it is
essential to minimize this response time so that the maximum number of
measuremerts may be acquired to assure cost effective testing. This
general pressure system response problew has been addressed by many
authors in the past, including Kendall (Ref. 2), whc ceveloped equations
to optimize the pneumatic design and to predict resporse times in the
viscous flow regime, and Cain (Ref. 3), who developed a computer program
to predict this response time in the viscous, transition, and molecular
flow regimes.

In this report, a procedure for the use of Kendall's design
ecuations is described which enables one to quickly determine several
possible gptimum pneumatic designs for a given situation. The use of
Cein's program to predict the response time of the system to the
expected pressure changes is discussed next. Then, the use of these
methods in the redesign of.a five-orifice flew field pressure probe is
diccussed. Next, the use of an in-house ceveloped experimental
apparatus, called & "Low Pressure Stabilization Simulator", is
discussed. This device, still under development, is used to measure the
probe response times under simulated wind tunnel conditions. Results
of these tests to date are discussed. Finally, the test results are
analyzed, the ccnclusions are discussed, and the basics for the design

method are briefly summarized.



¢.0 THEORETICAL WORK

A way to determine the va1j01ty of the continuum assumption 1S to

calculate the Knudsen Number. The Knudsen Number is defined by:
KN = 2/2

where "A is the mean free path or the average distance which & typical
mclecule travels between collisions and £ is a typical length of the
problem" (Ref. 1). A is & function of pressure ard temperature, and,
with tubing systems, ¢ is equal to the tube radius. The Knudsen Number
is used to define three basic flow regimes. They are:

KN <.01 - VISCOUS

.01< KN< 1 - TRANSITION

KN> 1 - MOLECULAR
Several theories have been developed to mathematically predict the
response time for a tubing system in each of these regimes.

2.1 VISCOUS FLOW CALCULATIONS

The computaticnal methods described in this section were developed
by J. M. Kercall (Ref. 2), and they are valid assuming that the flow is
viscous arnd isothermal, the Reyrclds Number, based on the tube radius,
is less than 1000, the flow does not involve slip, outgassing 1is
neg]eéfed, the transducer volume remains constant under varying
pressure, and the pressure distribution throughout the length of a tube
i< dependent only on the end pressures.

Tubing systems often consist of a single tube of constant diameter
the entire length trom the crifice to the pressure transducer. If,
however, this single diameter system does not yield an acceptabie
response time, ther it is often pessible to reduce the time by running

the orifice-size tube only part way to the transcucer, and then
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attaching it to a larger diameter tube for the remaining distance; in
some cases, two or three diameter increases of this nature are needed to
sufficiently reduce the response time. Some general guidelines to
foilew to minimize response times are: make the orifice diameter, dl’
as large as possible without interfering with the aerodynamic objectives
of the particular test; if a multi-diameter system is being censidered,
then meke the lenath of the orifice tube, 21, as short as pcssible; for
any system, the total length from the orifice to the transducer shculd
be as short as possible; and the transducer should have a gage volume,

V., that is the smallest available for the expected pressure and

G’
temperature ranges of the flow.

If a two diameter system is to be considered, then the optimum
aiameter of the second tube, d2, must be determined. The first step in
doing this is to choose dl,zl, Lo and VG according to the above
guidelines. Next, two dimensionless constants, 8 = 8VG49?11 and 22/21,
must be calcuiated and usec to locate d2/d1 on the graph in fig. 1.
Multiplicaticn of dz/d1 by dl then yields the optimum d2 for the

particular system being ccnsidered. Once 62 is determined, then the

equivalent length, L, and volume, V, based on dl’ may be calculated,

where,
_ 4 4
L = 2 + d1 [Lz/dzj}
and
- <
or



These values are then used in Kendall's equation for calculating
the response time of a transducer when the orifice pressure is de-
creased. The derivation of this equation is described in his report

(Ref. 2), and the final result is

128,LV (P=P,) (P+P,)
= 411 In 02 2
g P, (P-Pp)(Pg+Py)

where,

u = Poises viscosity for air = 1.8 x 10'4

2

g. = 2 conversion factor which changes dynes/cm® to microns = 1.333

L = total tube length for single tube systems, or the equivalent length,

L, for two tube systems (cm)

vV = VG for single tube systems, or the equivalent volume, V, for two

tube systems (cm3)

D =d, for single and two tube systems (cm)

1
Py = initial pressure of entire system (microns)
P, = final orifice pressure where P,<P, (microns)
P = final pressure read by transducer, allowing for acceptable response

error in readings = PO + (% RESPONSE/100) x (P2 - PO) (microns)

By using the methods described in this section, several possible
tubing systems for a particular application may be designed and compared
to one another quickly and cheaply. The curves in fig. 1 may be used to
calculate an optimum d2 for several possible combinations of d1,£ 1,2 9
and VG' Next, the viscous response times for the two tube, as well as

the one tube, systems may be calculated for the expected pressure

regions. These response times can then be used as an initial comparison

between the designs.




2.2 VISCOUS, TRANSITIUON AND MOLECULAR FLOW CALCULATIONS

The primary purpose of this section is to instruct the reader in
the use of a computer program which was developed by Maurice R. Cain
(Ref. 3). The program is written in FORTRAN IV and it is designed to
oredict the response times of a transducer to orifice pressure changes
during a pitch-pause type of tunnel run; the time involved in pitching
the model is not included in the calculations.

This program is capable of predicting response times of a trans-
ducer to an orifice in the viscous, transition, and molecular flow
regimes. The program operates by first calculating the initial and
final Knudsen Numbers, KN, for any given step pressure change. If
KN <.01 throughout, then the response times are found by the direct
application of viscous flow equations; if KN >.01 throughout, then
viscous flow equations are used with correction factors in an iteration
process; if KN passes through KN = .01 then the transition point is
caluculated and the viscous flow equations are used without correction
factors for KN<.0l and with correction factors for KN>.0l.

The required inputs for this program include the system geometry,
percent response of the transducer to the pressure change, temperature
of the system, initial pressure of the system, pitch angles, the orifice
pressure at each pitch angle, and the orifice numbers. The geometry
must be input, in inches, as a three tube system in the order dl’ d2’
d3, VG,E l,£ 2,2,3; if a two tube system is desired, then d2 = d3, and
the sum of £2 and 23 is equal to the total length of the second tube;

similarly, if a one tube system is desired, then d; = d, = d; and the

sum of Kl’ 22 and £3 is equal to the total tubing length. The percent

response should be within the resolution capability of the particular




transducer being considered. The temperature is to be input

in °P, and it is assumed to be constant throughout the system. The
jnitial pressure, in mm Hg, is the equilibrium pressure of the entire
system when time is equal to zero. The pitch angles are whole angles,
in degrees, that the model will be pitched to during the run - these are
not used in the computations and are intended as a bookkeeping aid for
the user. The orifice pressures, in mm Hg, are the new pressures at
each orifice at each new pitch angle. The orifice number is ar integer
which, again, is included as @ bookkeeping aid for the user. Any single
data deck may contein a maximum cf 12 geometries, 9 errors, 3
temperatures, 5 initial pressures, 30 pitch angles and orifice
pressures, and 20 orifices.

When the program is rur, the output always includes a list cf the
above inputs. The values that are calculated are printed in columns
titled KN, KM, F/FV, P. TRANS, ST. TIME, TOT. TIME, RE1l, REz, RE3, ACCI,
ACC2, and ACC3. KN is the Knudsen Number, KM is a constant used in the
computations which is dependent on temperature and geometry, and F/FV is
a correction factor which has beer applied to the viscous flow
equations. P. TRANS is the pressure &t the transducer which aiffers
from each orifice pressuré by the error specified in the input. ST.
TIME is the stabilization time, in seconds, for each pressure change and
TOT. TIME is the sum of the ST. TIMEs. REl, RE?, and RE2 are the
Reynoids Numbers in the three tubes, while ACCl, ACCZ, and ACC3 are
acceleration factors in the three tubes. The Reynolds Numbers and

acceleration factors are only calculated when the flow is viscous, and




they serve as a check for the validity of the program in this regime; RE
must be less than 2000 and ACC must be 1 or greater in all three tubes
or the program will not be valid.

A sample of the program input and output is included in the
Appendix. A complete 1isting of this program may be found in reference

3.




3.0 PROBE CESIGN AND FABRICATION

A problem that prompted the research included in this paper was
that & five-orifice flow field probe was needed for measurements ir the
20-inch, Mach 14 Wind Tunnel, which is operated by the Aeromechanics
Division. First, an already existing probe was tried for this test, but
the response times of the static pressure ports were as long or longer
than tunnel run times for some phases ¢f the desired test. The
Experimental Engineering Branch was then asked to redesign the probe to
solve this problem. This redesign was accomplished according to the
methods described in sections 2.1 and 2.2, and a new, modified probe was
fabricated. The modified probe is still within the aerodynemic
requirements for the test, but its response time is considerably reduced
from that of the original probe.

The original and modified probes are of similar design and
construction. Each probe consists of a probe tip, body, and‘pressure
tubes. The probe components are stainless steel and probe assembly 1is
accomplished by siiver solderinc. |

The original probe is illustrated in fig. 2. The probe tip is a
40° 1incliuded angle cone fol]owed by a 5° angle which tapers back to the
0.156 inch probe body dizmeter. The probe tip has five 0.020 inch
diameter holes; one total pressure hole at the point and four static
holes located 90° apart, 0.139 inches back from the apex. The probe
body is made from a piece of 0.156 x 0.123 x 3.5 inch tubing. The
pressure tubing is (.032 x 06.020 x 72.00 inch stainless steel. The

effective length anc diameter of the tubing is then 2=72.3 inches and

d=0.020 1inches.




Using the constraints that the modified probe should be
approximately the same size and shape as the original probe several
tubing standard diameter and length combinations were entered into the
pressure response time program. The optimum configuration, as
determined by the program, is shown in fig. 3. The probe tip is a 40°
included angle cone which tapers to 0.156 inches, the same diameter as
the original probe. The probe tip has a 0.020 inch diameter total
pressure hole and four 0.032 inch diameter static holes, located 50°
apart, 0.184 inches back from the apex. The modified probe body is
fabricated from a piece of tubing 0.156 x 0.123 x 3.50 inch which has
beer drilled out tc a 0.136 irch inside diameter to accommodate the
larger pressure tubing. The total pressure tubing is 0.032 x 0.02C x
5.875 inch which connects to 0.06z x 0.038 x 62.125 inch tubing. The
static pressure tubing is 0.050 x 0.03z x 3.875 inch which connects to
0.062 x G.050 x 62.125 inch tubing. The effective lengths and diameters
of the total pressure tubing is then 2 = 4.20 inches, dl = 0.020
inches, Ly = 62.125 inches and d2 = (0.038 inches. For the static
pressure tubing the effective lengths and diameters are 21 = 4,20
inches, d1 = 0.032 inches7 L, = 62.125 inches and d2 = 0.050 inches. To
improve response time, the cverall length of the tubing for the modified
probe was kept to the minimum required for sting mounting purposes,
therefore, it is approximately 6 inches shorter thar that of the

original probe. Both prcbes are shown in fig. 4.




4.G EXPERIMENTAL WORK
The final stage in the design of a low pressure measuring systen is
to test the actual system in the pressure range of interest. The Low

Pressure Stabilization Simulator was designec with this purpose in mind.

This Simulator is versatile enough to be used to test a tubing system
already installed in a model in a facility (testing the entire pressure
system from mcdel orifice to computed output to ascertain responses,
calibrate, or check for leaks or partially clogged tubes), or to test in
the lab before tunnel installation. The design specifications for the
Simulator state that it is for use in the range of 0.01 to 1.0 Torr, but
no apparent problems have been found in using it to test at pressures
higher thar 1.0 Torr.

A schematic of the Simulator setup is shown in fig. 5. 1In a
typical test setup the pressure tubes are installed in a model or probe
which is secured to a Sting, and then the Tank 1is mounted so that it
encloses the entire model or probe and seals around the Sting; the
pressure tubes extend through the Sting and out the back of the Tank to
the pressure transducers. The vacuum pump is then started and pneumatic
valves E, L1 through L4, and S1 through S4 are opened until the entire
system is outgassed anc pumped down to the desired starting pressure.
Next, valve E and all of the L valves are closed. The pressure in the
reservoirs between the L and S valves is then reaised by opening the
ztmospheric shutoff valve and the Sclenoid and Needle valves; the low
pressure in the system draws air ir from the atmosphere, through the air
dryer, and into the reservoirs. The pressure in the reserveirs is read
on the Diaphragm gage, and the Solenoid and Needle valves are

manipulated to adjust this to the desired pressure. The S valves are

10




now clesed. At this point, the starting pressure and leak rate can be
checked with a Pirani gage which is connected to the Teank. Step
pressure increases can now be made in the Tank by opening valves L1, L2,
L3, and L4 one at a time to allow the higher pressure air in the
reservoirs to enter the Tank; the Tank volume to Reservoir volume ratio
is approximately 100G tc 1, so if the Reservoir pressure is 100 Torr,
the step increase in the Tank will be 0.1 Torr. The pressure increase
in the Tank is read on an M.K.S. Baratron Gage, while the transaucer
pressure response with time can be recorded on a strip chart recorcer.
The time for the transducer pressure to reach the Baratron pressure is
the full response time.

B picture of the overall Simulatcr setup as it was used in the lab
is shown in fig. 6. The Control Conscle contains the Atmospheric
Shutoff, Needle, and Solenoid valves, the air dryer, the Diaphragm gage,
the Pirani gage, and the buttons for cperating valves E, L1 through L4,
snd S1 throuck S4. The Atmospheric Shutoff valve is on the side panel,
and the MNeedle ancd Sclenoid valves are operated by a knob and a button,
respectively, on the front of the console. The Diaphragm gage is a
mechanical gage, and the Pirani gage reads the pressure in the Tank from
2 Pirani gage tube. On the back of the Control Console, is a coupling
plug tc allow the air from the air dryer to proceed to the reservoirs in
the Valve Assembly. The Valve Assembly (fig.7) contains the S and L
valves and the reservoirs between them; the valves are operated by a
supply of 60 psi field air and they allow dry air from the Control
Console to enter the reservoirs, and then discharge as step pressure

increases tc the Tank. Mounted on the Tank (fig. 8), ere valve E, the
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Pirani gage tube, and an inlet to the sensing side of the Baratron gage.
The device which responds to the step pressure increases is the Baratron
Sensing Head. This Sensing Head must be ccnnected to the vacuum system
from the reference port and to the Tank from the sensing port; a valve
crossover from the vacuum system toc the sensing port is included so that
the gage may be zeroed befcre testing is begun.

The only tubing systems that have been tested in this Simulator to
date are the two probes discussed in Section 3.0. The responses from
these tests for a 1 to 2 mm Hg step change for the original anc modified
probes are illustrated by the two curves in fig. 9. From these curves,
il can be seen that the measured time for the modified probe to fully
respond to the orifice pressure change is approximately one-tenth of the
time required by the criginal probe. This improved response was
ecceptable for the wind tunnel requirements, and so the modified probe

has been scheduled for wind turnel testing.

By using the Low Pressure Stabilization Simulator, one may subject
a low pressure tubing system to small step pressure increases. The
response times measured in the Simulator should give an accurate

prediction of the response times that can be expected during actual wind

tunnel tests.
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5.0 DISCUSSION AND CONCLUSIONS

The two probes described in Section 3.0 were tested in a sequence
of 0.2 mm Hg step increases from 1.0 to 2.6 mm Hg, in addition to the
1.0 to 2.0 mm Hg step discussed in Section 4.0. The data from these
tests is plotted in figs. 10, 11, 12 and 13. The data points on these
graphs represent response times, for stabilization to within 90 percent
of the pressure change at the probe orifice, for the pressure increments
indicated on the horizontal scale. In figs. 10 and 11, the measured
response times are compared to the time calculated by the computer pro-
gram for the original probe and the modified probe, respectively. In
fig. 12 the calculated times for both probes are compared, and in fig. 13
the measured times for both probes are compared.

From figs. 10 and 11, the ratio of measured to calculated response
time was between 2.8 and 4.8 for the original probe, and between 1.7 and
1.9 for the modified probe; the average for these ratios was 3.7 for the
original probe and 1.7 for the modified probe. From figs. 12 and 13,
the ratio of original probe to modified probe response time was between
4.5 and 5.2 for the computer calculations, and between 8.8 and 11.3 for
the Simulator measurements (excluding the highest and lowest values of
14.4 and 8.6); the average for these ratios was 4.9 for the computer
calculations and 10.5 for the Simulator measurements.

Several observations can be made from these ratios. First, the
response times measured in the Simulator are consistantly higher than
those calculated by the computer. Second, as the absolute pressure for
the 0.2 mm Hg step change is increased, the measured response time de-
creases on an approximate parabolic curve, which is also a trend found in

the computer calculated response times. Finally, both the Simulator
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measurements and the computer calculations showed a significant decrease in
response time from the original to the modified probe; the measured decrease
was approximately twice the predicted decrease.

The discrepancies between the measured and the calculated response
times may be due to a “starting" phenomenon - a lag time in the development
of fully established flow. M. Cain (Ref 3) observed errors between the
calculated and measured response time data for length-to-diameter ratios
greater than 500 (L/D>500) in the transition flow regime and attributed
these errors to this phenomenon. These experiments were conducted in the
transition flow regime, and the probes had L/D ratios (total length divided
by average diameter) of 3650 and 1590 for the original and modified probes,
respectively. In order to compare the measured and calculated data better,
it has been plotted in figs. 14 and 15 as the ratio of measured-to-calculated
response times as a function of the pressure increment for the original and
modified probes, respectively. These plots also include a dashed 1ine of the
value of .001 x (ZL/Dan) for each probe. It appears that, for this set of
data, a significant improvement in agreement between the measured and cal-
culated response times can be achieved simply by multiplying the computer
calculated time by .007 x (EL/Davg). Further testing will be required to
determine the validity of this relationship for the general case.

In conclusion, it does appear that the computer program, in its current
form, is useful for comparing tubing geometries relative to one another,
However, for the flow regime and tubing geometries tested, predicted response
times were 70% to 380% smaller than the measured values. Therefore, further
testing is recommended to determine the cause for these discrepancies.
Efforts should be directed toward determining if these errors are due to

undetected flaws in the test setup or inaccuracies in the computer program.
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Flaws in the test setup could include crimped tubing within the original probe
body, added volume and reduced conductance due to pressure fittings, trans-
ducer malfunction, and strip chart malfunction. Inaccuracies in the computer
program could exist because the correction factors used in it were derived
from a limited amount of data; only a few pressure ranges and tubing geome-
tries were used by M. Cain in developing this program. Also, the computer
program was developed from data where dry nitrogen was the medium, but the
tests described in this report used ambient air as the medium. Finally, the
effect of the "starting" phenomenon on the response time of tubing geometries
with large L/D ratios in transition flow must be investigated and incorporated

into the program.
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6.0 SUMMARY

In the design of any low pressure measuring system, the first thing
to consider is the physical limitations in the wind tunnel test of
interest. The first 1imit is the maximum orifice diameter which will
not interfere with the aerodynamic objectives of the test. In general,
for the purpose of improving pneumatic response, the initial orifice
diameter should be as large as permissible, the overall length from the
orifice to the transducer should be kept to a minimum, and, if a
multi-tube system is being used, the length of the first tube should
alsc be held to a minimum. Three other factors to consider are the
pressure ranges to be measured, the required accuracy in these
measurements, and the temperature of the flow. These conditicrs all
affect the choice of transducer. 1In general, the transducer should have
the smallest gage volume available in the desired pressure and accuracy
ranges, and it should be as close to the orifice as possible without
exposing it to extreme flow temperatures.

Once these limitations have been established, several possible
single tube geometries may exist. A quick comparison of these
geometries may be made by calculating their response times with the
viscous flow eguations inASection 2.1. Next, two-tube geometries, using
the orifice sizes, overall lengths, and gage volumes from the one-tube
geometries, may be calculated using the equations in Section 2.1 along
with the curves in fig. 1. The results from these calculaticns may then
be used ir the viscous flow equations in Section 2.1 to calculate the
response times for the two-diameter tube system. The various ore and

two dismeter systems may ther be compared for viscous response time. It
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should be noted that even though the respornse time equation in Section
2.1 uses viscous flow assumptions, it is still often a valuable tool

for obtaining a fast comparison between one ond two diameter systems ir
the transition region. The curves in fig. 1 for calculating the optimum
value of d2 also use viscous flow assumptions. It has been found that
the sizes for dz found in this manner are still valuable when searching
for stock tubino to be used as the second tube. In gereral, a stock
tube with an irside diameter just under the size calculated for d2’ will
give the best possible response times.

Once these one and two diameter tube systems have beern compared
using these viscous flow equations and the available stock tubing sizes
have been determined, it may be possible to eliminate some of the
designs as less desireable than others; it may also be possible to try
adding a third, larger diameter tube, to some of the two-tube designs.
The remaining one, two, anc three diameter systems, using available tube
sizes, mey then be entered into M. Cain's FGRTRAN IV program and a more
accurate prediction of the respcrse times may be obtained. From this,
the system with the best predicted response time may be testec in the

Low Fressure Stabilizatior. Simulator. The data from these tests shculd

accurately indicate the response times that can be expected during an

actual tunnel run. If these times are saetisfactory, then the system may

be fabricated and installed in the tunnel for testing.
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ARPPENDIX

Sample program inputs and outputs for program tc calculate response

times in the viscous, transition, and molecular flow regimes.
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TYPE PRESSURE.DAT:1-DATA FILE NAME

01 - NUMBER OF RUNS
TRIAL DATA DECK - TITLE OF RUN (MAXIMUM OF 80 CHARACTERS)

00 — NO EXPERIMENTAL DATA
01 02 02 01 05 0t 00 -SEE BELOW

099.000 % RESPONSE FOR COMPUTED RE'SPONSE TINES

530.000 - TEMPERATURE , °R
000.095000.085000.095000. 305074 0000403.,000010.000 | GEOMETRIES IN INCHES
000.085000.085000.095000.080024.000040.000075.000

D|7 Dz r 03' th l"| ’ LZ: L3
000.500010.000 - INITIAL PRESSURES, mm Hg
020.000015.000010.000005.000000.000 -PITCH ANGLES ( USE WHOLE ANGLES IN DEGREES)

01 - QRIFICE NUMBER
000.220000.173000.134000.103000.085-(RIFICE PRESSURE AT EACH ANGLE, mm Hg

01 1 ERROR
02 — 2 GEOMETRIES

02 — 2 INITIAL PRESSURES
01 — 1 ORIFICE

05 — 5 PITCH ANGLES

01 —1 TEMPERATURE
DO NOT PRINT OUT EACH

00 — CALCULATED STEP IN
TRANSITION REGIME

INPUT- PRESSURE. DATA
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